NUP98 gene rearrangements occur in acute myeloid leukemia and result in the expression of fusion proteins. One of the most frequent is NUP98-DDX10 that fuses a portion of NUP98 to a portion of DDX10, a putative DEAD-box RNA helicase. Here, we show that NUP98-DDX10 dramatically increases proliferation and self-renewal of primary human CD34 þ cells, and disrupts their erythroid and myeloid differentiation. It localizes to their nuclei and extensively deregulates gene expression. Comparison to another leukemogenic NUP98 fusion, NUP98-HOXA9, reveals a number of genes deregulated by both oncoproteins, including HOX genes, COX-2, MYCN, ANGPT1, REN, HEY1, SOX4 and others. These genes may account for the similar leukemogenic properties of NUP98 fusion oncogenes. The YIHRAGRTAR sequence in the DDX10 portion of NUP98-DDX10 represents a major motif shared by DEAD-box RNA helicases that is required for ATP binding, RNA-binding and helicase functions. Mutating this motif diminished the in vitro transforming ability of NUP98-DDX10, indicating that it has a role in leukemogenesis. These data show for the first time the in vitro transforming ability of NUP98-DDX10 and show that it is partially dependent on one of the consensus helicase motifs of DDX10. They also point to common pathways that may underlie leukemogenesis by different NUP98 fusions.
Introduction
At least 21 rearrangements of the NUP98 gene have been described in myeloid malignancies including acute myeloid leukemia (AML), myelodysplastic syndrome (MDS) and blast crisis of chronic myelogenous leukemia. 1, 2 These rearrangements result in fusion of an N-terminal segment of NUP98 to a C-terminal segment of a fusion partner. The inv(11)(p15q22) rearrangement that has been reported in AML, MDS and chronic myelogenous leukemia blast crisis results in the expression of NUP98-DDX10, one of the most common NUP98 fusions. It shows a particularly strong association with therapy-related AML and MDS, especially in patients who had been treated with topoisomerase II inhibitors. 1 About half of the reported NUP98 fusion partners are homeodomain-containing transcription factors. The resulting fusions are believed to act as aberrant transcription factors. [3] [4] [5] [6] The remaining NUP98 fusion partners are a heterogeneous group and their role in leukemogenesis is not well understood.
In particular, the effects of NUP98-DDX10 have not been reported in either mice or in human primary cells. DDX10 is a putative RNA helicase of unknown function that contains eight highly conserved motifs typical of DEAD box RNA helicases. 7, 8 It is thought to be involved in ribosome assembly. 8 NUP98-DDX10 consists of the entire FG repeat region of NUP98 fused to a C-terminal portion of DDX10 containing two of the eight conserved helicase motifs.
Here, we report on the in vitro transforming effects of NUP98-DDX10 in primary human CD34 þ hematopoietic stem/progenitor cells and the underlying changes in global gene expression, and provide evidence that a conserved helicase motif has a role in these effects. This is the first demonstration of the effects of NUP98-DDX10 and the first report of the effects of a non-homeodomain NUP98 fusion in primary human cells.
Materials and methods

Plasmid construction
The HA-tagged NUP98-DDX10 cDNA was generated by PCR and subcloned into EcoRI/XbaI sites of pTracer-CMV/Bsd. The NUP98-DDX10/3Q mutant was created by replacing an EagI/HindIIII fragment with a synthetic fragment containing three arginine to glutamine mutations in the YIHRAGRTAR motif. HA-tagged NUP98-DDX10 and NUP98-DDX10/3Q were subcloned upstream of IRES into the HpaI site of MSCV-IRES-GFP. PCR products and mutations were confirmed by sequencing. The KBTBD10 and PLN luciferase constructs were previously described. 9 Retrovirus production GP293 cells were transiently transfected with 4.4 mg of retroviral vector and 1.1 mg of pVSV-G expression vector using Lipofectamine Plus reagent (Invitrogen, Carlsbad, CA, USA). After 48 h, the culture supernatant, containing VSV-G-pseudotyped retrovirus, was collected and used for transduction of PG13 packaging cells by spinoculation in the presence of 8 mg ml -1 polybrene (Hexadimethrine Bromide; Sigma-Aldrich Corp., St Louis, MO, USA). The PG13 culture supernatant containing GaLV-pseudotyped retrovirus was used for transduction of CD34 þ primary cells.
Immunofluorescence microscopy
Cells were centrifuged onto a slide using a Cytospin centrifuge (Thermo Fisher Scientific, Waltham, MA, USA), fixed with 4% paraformaldehyde in D-PBS for 20 min and permeabilized with 0.1% Triton X-100 for 20 min at room temperature. Two percent of normal donkey serum in D-PBS with 0.1% Tween 20 was used for blocking and washing. Anti-HA antibody (12CA5;
Roche Applied Science, Indianapolis, IN, USA) and Alexa Fluor 647-conjugated anti-mouse IgG (Invitrogen) were used for staining. DAPI (4 0 ,6-diamidino-2-phenylindole, dihydrochloride; Invitrogen) at 300 nM was used for nuclear counterstain. Images were captured with an Eclipse 80i fluorescent microscope (Nikon, Melville, NY, USA) using MetaMorph 6.3r2 software (MDS Analytical Technologies, Downington, PA, USA) and pseudo-colored. Brightness and contrast were adjusted and images were superimposed using Adobe Photoshop CS4, version 11.0 for Mac OS (Adobe Systems, San Jose, CA, USA).
Retroviral transduction and analysis of primary human CD34 þ cells
Frozen human CD34 þ cells purified from mobilized peripheral blood of two healthy volunteers were purchased from the Fred Hutchinson Cancer Research Center (Seattle, WA, USA). Cells were prestimulated and transduced with retrovirus as described. 10 After 46 h, GFP-positive cells were isolated using a FACSVantage s.e. (BD Biosciences, San Jose, CA, USA) and expression of the transfected gene was confirmed by immunoblotting with anti-HA antibody. Long-term liquid culture of primary cells was performed in the presence of a cytokine cocktail as previously described. 10 Colony-forming cell (CFC) and long-term culture-initiating cell (LTC-IC) assays were performed as previously described. 10 Cytospin preparations of cells harvested from the CFC plates were stained with Giemsa and a 500-cell differential count was performed using an Olympus BX51 microscope (Olympus America, Center Valley, PA, USA). Photomicrographs were taken with an Olympus DP71 camera with a Â 60 oil objective.
Flow cytometry
Flow cytometry was performed on a FACScan flow cytometer upgraded to five colors and two lasers (BD Biosciences) and a FACSVantage s.e. flow sorter with three lasers and eight detectors (BD Biosciences), and analyzed using FlowJO v7.2.4 software (Tree Star Inc., Ashland, OR, USA). The antibodies used for these studies were CD11b (phycoerythrin-conjugated clone ICRF44) from eBioscience (San Diego, CA, USA); CD235a (allophycocyanin-conjugated clone GA-R2) from BD (Franklin Lakes, NJ, USA); and CD33 (allophycocyanin-conjugated clone D3HL60.251) and CD45 (phycoerythrin-Cy7-conjugated clone J.33) from Beckman Coulter (Miami, FL, USA).
Microarray analysis of primary human CD34 þ cells
For the 6-h time point, cells were subjected to nucleofection with either control pTracer-CMV/Bsd plasmid or with plasmidexpressing NUP98-DDX10 or NUP98-HOXA9 as previously described. 10 For the 3-day and 8-day time points, cells were retrovirally transduced as described above. GFP-sorted cells were snap-frozen and submitted to the Siteman Cancer Center Laboratory for Clinical Genomics where total RNA was isolated and target preparation and microarray hybridization were performed. Labeled targets were hybridized to Affymetrix HG-U133 Plus 2.0 GeneChip microarrays. Data were merged with updated gene annotation data using Spotfire DecisionSite 9.1.1 for Functional Genomics (Spotfire, Somerville, MA, USA). Probe sets were filtered according to present/absent calls and the sets that were absent across all chips were filtered from the analysis. The fold change of each probe set was calculated by dividing the absolute signal intensity from NUP98-HOXA9 or NUP98-DDX10 samples by that of the control sample (vector only). Probes scored as increasing and absent in the numerator, and those scored as decreasing and absent in the denominator were also filtered out. Probe sets induced or repressed by 1.74 fold or greater in two independent experiments were considered differentially expressed. Fold changes shown in Table 1 represent the average of all probesets recognizing each gene in both experiments.
Luciferase assay
Cells (10 7 ) were transfected by electroporation using a Bio-Rad GenePulser (Bio-Rad, Hercules, CA, USA) with 10 mg pGL4.11 vector or pGL4.11 driven by the indicated promoters and 20 mg of either empty pTracer-CMV/Bsd vector, vector expressing HA-tagged NUP98-DDX10 or HA-tagged NUP98-DDX/3Q. To control for efficiency of transfection, 0.5 mg of pRL-TK (Promega, Madison, WI, USA), which expresses Renilla luciferase was included. Luciferase activity was measured 48 h after electroporation using the Dual Luciferase Reporter Assay System (Promega) and the results were normalized to Renilla luciferase. Relative luciferase activity was obtained by dividing the readings for each promoter construct by the corresponding readings for empty pGL4.11 vector under the same conditions. Downregulated genes RAP1A À21.9 À20.7
À7.6 NDRG2 À1.9 RAD18 À3.7 EED À2.3
Results and Discussion
NUP98-DDX10 localizes to the nuclei of primary human CD34 þ cells in a punctate pattern
Wild-type NUP98 is a nucleoporin that localizes primarily to the nuclear pore complex at the nuclear rim with some intranuclear presence. [11] [12] [13] The intracellular distribution of wild-type DDX10 is not known with certainty. Based on its sequence, it is thought to be involved in ribosome biogenesis, 8 and its yeast counterpart, Dbp4p (HCA4), is a putative RNA helicase that functions in ribosome biogenesis. 14, 15 Proteomic analysis showed that DDX10 is present in the human nucleolus. 16, 17 To determine the subcellular localization of NUP98-DDX10, the HA-tagged NUP98-DDX10 open reading frame was subcloned into the MSCV-IRES-GFP retroviral vector ( Figure 1a ) and introduced into primary human CD34 þ cells obtained from peripheral blood. GFP þ cells were sorted and expression of the NUP98-DDX10 protein was confirmed by immunoblotting ( Figure 1b ). Immunofluorescence showed that NUP98-DDX10 localizes predominantly to distinct punctate structures within the nucleus (Figure 1c ). In contrast to wild-type NUP98, 6, 18 there was no detectable localization of NUP98-DDX10 to the nuclear rim. In primary leukemic cells with the NUP98-HOXA9 fusion oncogene, NUP98 was localized within similar intranuclear aggregates. 19 In cell lines, NUP98-HOXA9 and other leukemogenic NUP98 fusions have been shown to be predominantly intranuclear, but with a more finely granular or diffuse distribution. 3, 6, 20, 21 NUP98-DDX10 increases long-term proliferation and self-renewal in primary human CD34 þ cells Primary human CD34 þ cells were transduced with either control retrovirus or retrovirus-expressing NUP98-DDX10. After sorting for GFP expression, cells were cultured in liquid media with cytokines with periodic feeding and counting. As shown in Figure 2a , cells expressing NUP98-DDX10 multiplied much faster than cells transduced with empty control retrovirus. The marked long-term proliferation induced by NUP98-DDX10 suggested that it promotes the proliferation of primitive selfrenewing cells. To assay for such cells, the LTC-IC assay 22 was used. As shown in Figure 2b , NUP98-DDX10 caused a dramatic increase in the numbers of LTC-ICs. These results indicate that NUP98-DDX10 induces proliferation of human primary hematopoietic cells by increasing the numbers of primitive selfrenewing cells. The increases in proliferation and self-renewal are much higher with NUP98-DDX10 than was previously described for another leukemogenic NUP98 fusion, NUP98-HOXA9. 9,10
NUP98-DDX10 inhibits the differentiation of primary human CD34 þ cells
To assess the effects of NUP98-DDX10 on hematopoietic differentiation, primary human CD34 þ cells, retrovirally transduced with NUP98-DDX10 or control vectors as described above, were subjected to CFC assays. GFP-sorted cells were seeded in methylcellulose media supplemented with cytokines for 14 days. As shown in Figure 3a , NUP98-DDX10-expressing cells formed many large, prominent erythroid colonies that were readily distinguishable from those in the control samples without magnification. Under low magnification, many of the erythroid colonies in the NUP98-DDX10 sample show a complex branching pattern. The increased numbers of such colonies in cells expressing NUP98-DDX10 suggest that this oncogene increases the number of less mature erythroid precursors that have a higher proliferative potential. As shown below, NUP98-DDX10 did indeed cause erythroid hyperplasia and shift to immaturity in primary human cells (Figures 3b and d) .
To further assess differentiation, cells were harvested from the CFC plates and Cytospin smears were prepared and stained with Giemsa (Figure 3a , lower panels). A manual differential count was performed to distinguish five groups of cells ( Figure 3b ). The NUP98-DDX10 samples showed an increase in the number of primitive cells and a shift to immaturity in both the myeloid and erythroid series.
Cells harvested from the CFC plates were also analyzed by flow cytometry to assess erythroid and myeloid differentiation. To assess myeloid differentiation, CD33 þ myeloid cells were gated and the level of expression of CD11b was plotted on a histogram (Figure 3c ). The intensity of CD11b expression was decreased in cells expressing NUP98-DDX10 indicating a disruption of myeloid differentiation. For erythroid differentiation, CD235a þ erythroid cells were gated and the expression level of CD235a in the gated cells was plotted on a histogram (Figure 3d ). In the NUP98-DDX10 samples, the intensity of CD235a þ staining was decreased, consistent with disrupted erythroid differentiation. In addition the flow cytometry data show that NUP98-DDX10 causes a marked decrease in the percentage of CD33 þ myeloid cells with a corresponding increase in the percentage of CD235a þ erythroid cells.
In summary, the results show that NUP98-DDX10 disrupts both erythroid and myeloid differentiation in primary human CD34 þ cells. The effects are similar to those previously described for the leukemogenic NUP98-HOXA9 fusion.
NUP98-DDX10 and NUP98-HOXA9 deregulate a common set of genes with possible function in leukemogenesis As described above, the effects of NUP98-DDX10 on the differentiation and proliferation of primary human CD34 þ cells are remarkably similar to those previously described for NUP98-HOXA9 under the same conditions. 9,10 It was therefore of interest to determine whether NUP98-DDX10 and NUP98-HOXA9 share a common set of deregulated genes in primary human CD34 þ cells. Such genes may offer clues to the shared capacity of NUP98 fusions to induce AML. To identify these genes, expression microarray analysis was carried out at 6 h, 3 days, and 8 days after introduction of NUP98-DDX10 into primary human CD34 þ cells. Each experiment was carried out in duplicate and only genes that were up-or downregulated in both duplicates were considered significantly deregulated by NUP98-DDX10 (Supplementary Tables S1-S3). The lists of deregulated genes were then compared with lists obtained from an identical analysis of NUP98-HOXA9. The list of genes deregulated by NUP98-HOXA9 at the 3-day time point has been published. 9 The 6-h and 8-day lists for NUP98-HOXA9 are shown in Supplementary Tables S4 and S5 . At each time point, the list of genes deregulated by NUP98-DDX10 was compared with the list of genes deregulated by NUP98-HOXA9 and the intersections are shown as Venn diagrams in Figure 4a . The lists of deregulated genes common to both NUP98-DDX10 and NUP98-HOXA9 are shown in Supplementary Tables S6-S8 . A review of these lists reveals many genes with functions that may explain the leukemogenic effects shared by NUP98 fusions. These genes are listed in Table 1 , and some of them are briefly discussed below; 'NUP98 fusions' refers to NUP98-DDX10 and NUP98-HOXA9 in this discussion. A more comprehensive list with detailed description and a full list of references is shown in Supplementary Table S9 .
Upregulated genes Homeobox genes. Several genes that encode homeodomaincontaining transcription factors are upregulated by NUP98 fusions. These include the clustered (type I) HOX genes HOXA3, HOXA5, HOXA6, HOXA7, HOXA9, HOXB3, HOXB5, HOXB6 and HOXB7 as well as the non-clustered (type II) homeobox genes, MEIS1 and PBX3. Homeobox genes have important roles in normal hematopoiesis and in leukemogenesis. 23, 24 Several are expressed early in hematopoiesis and downregulated with differentiation. 25 Overexpression of HOXA9 in mouse bone marrow causes AML that is accelerated by coexpression of MEIS1. 26 MEIS1 also accelerates the induction of AML by NUP98-HOXA9 in mice. 26 Several homeobox genes including HOXA9, HOXA7, and MEIS1 are frequently overexpressed in human AML and are associated with worse prognosis. [27] [28] [29] [30] [31] The induction of several homeobox genes by both NUP98-HOXA9 and NUP98-DDX10 suggests that homeobox genes have an important role in leukemic transformation by NUP98 fusions. This notion is supported by the recent observation that homeobox genes are upregulated in murine bone marrow cells expressing other leukemogenic NUP98 fusions such as NUP98-HOXD13, NUP98-PMX1, NUP98-NSD1 and NUP98-HHEX. 20, [32] [33] [34] [35] Other oncogenic transcription factors EGR1. This zinc finger transcription factor is upregulated in human AML with monocytic differentiation 36 and in a mouse model of acute promyelocytic leukemia. 37 There is evidence that EGR1 mediates the proliferative effects of erythropoietin on mouse erythroblasts, 38 suggesting that its upregulation of NUP98 fusions may contribute to the erythroid hyperplasia we observed in vitro (Figure 3d ).
SOX4. This transcription factor can cooperate with either
MEF2C or EVI1 to induce AML in mice. 39, 40 It is induced by the AML-associated AML1-ETO fusion oncoprotein in primary human hematopoietic cells. 41 
MYCN. This basic helix-loop-helix/leucine zipper transcrip-
tion factor is well known for its amplification and overexpression in neuroblastoma, other pediatric tumors, and lymphomas. [42] [43] [44] More recently, it was reported that MYCN is overexpressed in many cases of pediatric AML and that its overexpression in mice leads to the development of AML. 45
HEY1. This b-HLH protein acts as a transcriptional repressor
and a mediator in the Notch signaling pathway. 46 Notch signaling is believed to be important in the self-renewal of hematopoietic stem cells and in the pathogenesis of some hematological malignancies. 47 HEY1 is also associated with increased numbers of erythroid cells 48 and a block in their differentiation 49 suggesting that it may mediate these effects of NUP98 fusions. PTGS2 (COX-2). Cyclooxygenase-2 (COX-2) is overexpressed in many tumors and its inhibition with drugs such as aspirin can be used in the prevention and treatment of cancer. 50 A number of hematopoietic malignancies overexpress COX-2, which is associated with a worse prognosis. 51 There is evidence that the use of aspirin and other non-steroidal antiinflammatory drugs is associated with a lower incidence of lymphomas and acute leukemia. 52 Specifically, NSAID use can reduce the risk of AML, particularly the FAB M2 subtype (AML with maturation), 53 which is the most common subtype in cases with NUP98 gene rearrangements. 1 The upregulation of PTGS2 by NUP98 fusions may contribute to the worse prognosis of AML associated with NUP98 gene rearrangements, and raises the possibility that COX-2 blockade could help in the treatment of these leukemias.
Growth factors REN. Previous microarray studies, confirmed by q-PCR, have
shown that renin (REN) is upregulated by NUP98-HOXA9. 10 In this study, microarray analysis showed upregulation of renin by NUP98-DDX10 (Table 1 and Supplementary Tables S2 and S3 ). This was confirmed by q-PCR, which showed an average upregulation of 547-fold at 3 days and an average upregulation of 2527-fold at 8 days. Renin is a constituent of the reninangiotensin system. 54 In addition to its role as a regulator of blood pressure and electrolyte balance, the renin-angiotensin system has a role in hematopoiesis and AML. 55 Angiotensin II increases the proliferation of both primitive and committed hematopoietic progenitors. 56, 57 Renin, angiotensinogen and angiotensin-converting enzyme are expressed in bone marrow from AML patients. [58] [59] [60] [61] Interestingly, drugs that inhibit the renin-angiotensin system, including angiotensin-converting enzyme inhibitors and losartan inhibit growth and induce apoptosis in AML cell lines in vitro. 62 These data raise the possibility that such drugs may be useful in the treatment of AML associated with NUP98 gene rearrangements.
ANGPT1.
Angiopoietin-1 is an angiogenic growth factor that is co-expressed with its receptor, Tie2 (TEK) in AML cells and is thought to act as an autocrine and paracrine factor that enhances angiogenesis and the growth of AML cells. [63] [64] [65] [66] Effects of NUP98-DDX10 on human CD34 þ cells ER Yassin et al
Downregulated genes
GADD45B. This is one of a closely related family of genes associated with terminal myeloid differentiation and involved in the induction of cell cycle arrest and apoptosis. 67 Its early downregulation by NUP98 fusions may contribute to blocked differentiation and increased proliferation.
MS4A3. This is one of a family of membrane proteins expressed predominantly in hematopoietic cells. It is involved in the regulation of the cell cycle in hematopoietic cells where its overexpression leads to cell cycle arrest at the G0/G1 phase. 68 Its downregulation is thought to mediate the oncogenic effects of another AML fusion oncogene, AML1-ETO. 69 TRIM35. This gene is thought to act as a tumor suppressor that induces apoptosis and is associated with erythroidto-myeloid lineage switch. [70] [71] [72] Its repression by NUP98 fusions may explain the skewing of differentiation towards the erythroid lineage; it also raises the possibility that the increased numbers of cells in long-term culture may be due in part to decreased apoptosis.
NUP98-DDX10 deregulates gene expression at the transcriptional level
Several leukemogenic NUP98 fusions, including NUP98-HOXA9, NUP98-PMX1 and NUP98-NSD1, have been shown to deregulate transcription. [3] [4] [5] [6] 34, 35, 73 However, in these cases the fusion partners are proteins with well-known functions in transcriptional regulation: HOXA9 and PMX1 are homeobox transcription factors, and NSD1 is a histone methyltransferase. On the other hand, DDX10 is a putative DEAD-box RNA helicase whose function is not clear. Interestingly, recent data have implicated some RNA helicases in transcriptional regulation. 74, 75 To determine whether NUP98-DDX10 can deregulate gene transcription, luciferase reporter assays were carried out in the K562 myeloid cell line. We have previously identified a set of genes deregulated by the leukemogenic NUP98-HOXA9 fusion in K562 cells. 5 This set is different from the set of genes deregulated by NUP98-HOXA9 in primary human CD34 þ cells, 10 and includes 2 genes that are transactivated by NUP98-HOXA9 in K562 cells by two distinct mechanisms: transactivation of the KBTBD10 gene requires direct DNA binding of NUP98-HOXA9 through the homeodomain whereas transactivation of the PLN gene does not. 9 We tested the effect of NUP98-DDX10 on the KBTBD10 and PLN promoters in K562 cells. NUP98-DDX10 transactivated the PLN promoter but not the KBTBD10 promoter (Figure 4b) . These data suggest that at least some of the effects of NUP98-DDX10 on gene expression are mediated at the transcriptional level, and that NUP98-DDX10 shares one of the transactivation mechanisms with NUP98-HOXA9, namely, the one that does not involve homeodomain-DNA binding. The exact mechanism by which NUP98-DDX10 regulates transcription remains to be determined, but the data described below suggest that a conserved motif within the DDX10 moiety may have a role. A conserved helicase motif has a role in in vitro transformation and transcriptional deregulation by NUP98-DDX10 Two types of NUP98-DDX10 fusions have been reported, the vast majority of which are so-called type II fusions that join exon 14 of NUP98 to exon 7 of DDX10. 7, 76, 77 Of the eight highly conserved motifs of the DEAD-box helicase family, only motifs V and VI are consistently present in these fusions.
Motif VI contains three invariant arginine residues; its sequence in DDX10 is YIHRAGRTAR. 8 Structural data show that motif VI is involved in ATP and RNA binding. [78] [79] [80] [81] Deletion of this region or mutation of the invariant arginine residues in RNA helicases results in loss of RNA binding, ATP hydrolysis and helicase activity. 80, 82, 83 Recent data indicate that some of the DEAD-box family of proteins, including DDX5 (p68) and DDX17 (p72), can Figure 6 Mutation of the YIHRAGTAR motif diminishes the ability of NUP98-DDX10 to disrupt the differentiation of primary human CD34 þ cells. Primary human CD34 þ cells were retrovirally transduced with either control MSCV-IRES-GFP vector or vector-expressing NUP98-DDX10 or vector-expressing NUP98-DDX10/3Q, and cells were sorted for GFP positivity. (a) One thousand cells were seeded into each of two duplicate plates for CFC assay and the experiment was repeated three independent times. Representative plates without magnification (upper panel) and low power photomicrographs of representative erythroid colonies (lower panel). (b) 500 cell differential counts were performed to distinguish five groups of cells. Averages from 3-6 independent experiments are shown; error bars represent s.d. The P-value was obtained by comparing the samples using a two-sample, equal variance, two-tailed distribution t-test. (c) Flow cytometry for myeloid differentiation: Cells from the CFC plates were harvested and stained with CD45, CD33 and CD11b; the CD33 þ gate was plotted on a histogram to show CD11b expression (lower panel). (d) Flow cytometry for erythroid differentiation: Cells from the CFC plates were harvested and stained with antibodies to CD45 and CD235a. The CD235a þ gate was plotted on a histogram (lower panel) to show the expression of CD235a. The percentages of cells falling within each gate are shown. The mean fluorescence intensity (MFI) is the arithmetic mean of the linear-scaled fluorescence intensity. participate in transcriptional regulation by interacting with the transcription machinery. 74, 75 Interestingly, deletion of motif VI from DDX17 results in loss of its ability to modulate transcription. 83 We therefore sought to determine whether this motif has a role in the ability of NUP98-DDX10 to regulate transcription and in its effects on primary human CD34 þ cells. Mutating the three invariant arginine residues to glutamines has been previously shown to abolish the functions of motif VI in a DEAD-box RNA helicase. 82 These mutations were therefore introduced into NUP98-DDX10 (Figure 5a ). The resulting construct, NUP98-DDX10/3Q, was expressed at a level comparable with that of NUP98-DDX10 (Figure 5b) .
Luciferase assays showed that the motif VI mutation caused a significant reduction in the ability of NUP98-DDX10 to regulate transcription from the PLN promoter (Figure 5c ). In addition, after 2 months in long-term liquid culture, primary human CD34 þ cells transduced with the NUP98-DDX10/3Q mutant showed significantly fewer cells than those transduced with NUP98-DDX10 (Figure 5d ). CFC assays were carried out to compare the effects of NUP98-DDX10 to those of NUP98-DDX10/3Q on erythroid and myeloid differentiation of primary human CD34 þ cells. NUP98-DDX10/3Q samples showed less prominent erythroid colonies than samples expressing NUP98-DDX10 (Figure 6a ). Differential counts revealed a significant decrease in the numbers of primitive cells and intermediate erythroid cells, and a significant increase in the numbers of mature myeloid cells in samples expressing NUP98-DDX10/3Q, indicating that the motif VI mutation resulted in a partial reversal of the effects of NUP98-DDX10 on erythroid and myeloid differentiation (Figure 6b ). In addition, flow cytometry showed a mild shift to erythroid and myeloid maturity in samples expressing NUP98-DDX10/3Q (Figures 6c and d) .
Taken together, these data show that mutating motif VI in NUP98-DDX10 resulted in significant decrease in its ability to deregulate transcription, as well as a decrease in its ability to induce proliferation and to block differentiation in primary human CD34 þ cells. Several studies have been performed on other leukemogenic NUP98 fusions to determine whether point mutations that target the function of the fusion partner have an effect on the transforming ability of the oncogene. Some mutations have drastic effects on the ability of the fusions to transform cells and deregulate transcription. For example, in NUP98-homeodomain fusions such as NUP98-HOXA9, NUP98-HOXD13 and NUP98-PMX1, point mutations that disrupt the ability of the homeodomain to bind DNA severely curtail their proliferative, leukemogenic and transcriptional effects. 6, 9, [32] [33] [34] Similarly, point mutations that abolish the histone methyl transferase activity of NSD1 drastically curtail the ability of NUP98-NSD1 to immortalize mouse myeloid progenitors and to deregulate transcription. 35 In contrast, mutating the topoisomerase I catalytic site of NUP98-TOP1 had no discernible effect on its ability to induce proliferation of mouse bone marrow cells in vitro and its leukemogenic potential in vivo. 21 In comparison, the role of motif VI in the transcriptional and transforming properties of NUP98-DDX10 falls in between these two extremes: its mutation clearly affects the in vitro transforming and transcriptional activities of the oncogene, but does not entirely abolish them.
Conclusion
The findings show that NUP98-DDX10 induces dramatic increases in the proliferation and self-renewal of primary human CD34 þ cells and blocks their differentiation. These effects are accompanied by extensive changes in gene expression that are mediated at least in part by transcriptional deregulation. A number of the genes deregulated by NUP98-DDX10 are also deregulated by NUP98-HOXA9, suggesting that they may be important in mediating leukemogenesis by NUP98 fusion oncogenes. Questions to be addressed in future studies include the mechanisms underlying transcriptional deregulation by NUP98-DDX10 and the contribution of motif VI to this transcriptional deregulation. It also remains to be determined which of the deregulated genes discussed above have the most important roles in mediating leukemic transformation by NUP98 fusions.
